ABSTRACT Fluorescent dust marking and sentinel pupal bags were used in 1998 and 1999 to examine dispersal, spatial distribution, and duration of activity of mass-released Spalangia cameroni Perkins in a swine facility. In 1998, four releases were conducted in the period MayÐNovember and in 1999 a Þnal release was completed in August. Males were observed in large numbers on window sites shortly after releases, whereas females seemed to remain in the environment. However, in one trial, and probably due to high air temperatures in the facility, a similar ßight propensity toward the window sites was noted for the females. The distribution of parasitoids was clearly aggregated within a perimeter of 3 m from the release point. The duration of activity of marked S. cameroni, measured as the number of attacked sentinel pupal bags and parasitism, declined to a low level within 2 wk from the time of release. The results are discussed in relation to release strategies of S. cameroni in control of nuisance ßies.
THE HOUSE FLY, Musca domestica L. (Diptera: Muscidae), is the major nuisance ßy in conÞned pig production units in Europe, where high densities of ßies cause distress to animals and annoy employees and people living in the proximity of the farms during the summer months. In addition, because ßies can be vectors for pathogens and parasites, their presence raises concerns of human and animal health (Medveczky et al. 1988 ). For example, Iwasa et al. (1999) recovered the human pathogen Escherichia coli Castellani & Chalmers 0157:H7 from house ßies at a cattle farm in Japan.
Control of the house ßy in Europe is mainly based on insecticides, but within the last decade a growing demand from farm operators and the public for more environmentally safe methods has led to focus on, e.g., biological control, where natural enemies are released into the system to reduce ßy populations to below annoyance level. Pupal parasitoids of the family Pteromalidae (Hymenoptera) may be a signiÞcant mortality factor of the house ßy (see Legner 1995) . Some attempts to control house ßies by releasing pupal parasitoids have claimed to be successful (Morgan et al. 1975 , Rutz and Axtell 1979 , Morgan 1980 , Geden et al. 1992 , Crespo et al. 1998 ). However, many other attempts have failed (Mourier 1972 , Stage and Petersen 1981 , Petersen et al. 1983 , Maini and Bellini 1990 , Meyer et al. 1990 ), indicating that we still need to understand more about the biology and population dynamics in the Þeld of this group of control organisms.
In biological control programs using entomophagous enemies, it is useful to know that the released beneÞcial enemy actively spreads from the point of release and subsequently seeks and occupies the pest habitat that harbors the pest. However, the dispersal of the parasitoids following release has received little attention. In a study by Pawson and Petersen (1988) parasitism by Muscidifurax zaraptor Kogan & Legner (Hymenoptera: Pteromalidae) of sentinel house ßy pupae was recorded no further than 8 m from the release site. Similar short distance dispersal by Muscidifurax raptorellus Kogan & Legner, was observed by Tobin and Pitts (1999) in high-rise poultry units. In contrast, Smith et al. (1989) However, use of sentinel pupae for dispersal analyses are best applied if background parasitism is small relative to that produced by the released parasitoids or if endemic populations of the released parasitoid are not present (Kareiva 1981) . As a consequence, marking of parasitoids is a prerequisite if the goal is to examine dispersal and adult distribution in time and space after a release.
The aim of the current study was to examine dispersal, spatial distribution and duration of activity of Spalangia cameroni Perkins (Hymenoptera: Pteroma-lidae) from a central point in a swine facility, by applying a series of mark-recapture trials based on self-marking with ßuorescent dust, and the use of sentinel pupal bags. Spalangia cameroni was chosen because it is the most common pupal parasitoid indoors on cattle and swine farms in Denmark (Skovgård and Jespersen 1999 Ð2000 and Skovgård and Steenberg 2002 .
Materials and Methods
A traditional swine facility (32 by 14 by 5 m) with straw-bedded, individual sow cubicles, farrowing and porker pens on concrete ßoors was used in 1998 and 1999 as the release site for S. cameroni. Daylight entered the facility through windows on side A, B, and C (Fig. 1) . Daily mean temperature in the environment was Ϸ20ЊC during most of the summer (JuneÐ August) but on hot days, mean temperatures rose to 25ЊC. In winter and early spring (DecemberÐApril), the mean temperature was 12Ð15ЊC due to heat produced by the animals. Manure was moved into a pit channel below the ßoor and automatically removed to a manure heap located outside the animal unit.
The activity of naturally occurring parasitoids was monitored 7 d before the release of marked S. cameroni. A total of 14 sentinel pupal bags (Mourier 1971, Rutz and Axtell 1979) , each containing 30 laboratoryreared house ßy puparia (12Ð36 h old), were placed in the environment. Each bag was covered with a mixture of straw and manure to mimic natural conditions and to reduce desiccation of the ßy pupae. After 7 d the bags were returned to the laboratory and incubated (25 Ϯ 0.5ЊC, 70 Ϯ 5.0% RH, and a photoperiod of 12:12 [L:D] h) for another 7 d to permit unparasitized ßy pupae to emerge. Unhatched ßy pupae from the individual mesh bags were placed in 30 ml screened plastic cups and covered with 4 Ð5 cm of sawdust for an additional period of 60 d to ensure complete development of the parasitoids. After the incubation period, puparia without signs of parasitoid emergence were dissected and examined for dead adult parasitoids. Emerged and dead parasitoids on the surface of the sawdust were stored in 70% ethanol for identiÞcation. To serve as controls for ßy emergence, two bags with house ßy puparia were kept under similar laboratory conditions as outlined above, for each of the release trials.
A colony of S. cameroni, initiated from Þeld-collected house ßy puparia in 1997, was reared in the laboratory for the releases (25 Ϯ 0.5ЊC, 60 Ϯ 5% RH, and a photoperiod of 12:12 [L:D] h). Parasitized house ßy puparia were contained in screened plastic containers (0.5 liter) for 3Ð 4 wk to allow for S. cameroni development. Before the emergence of parasitoids, 400 ßy puparia were randomly chosen from the containers to determine the number of S. cameroni emerging and the sex ratio.
Screened plastic containers (17 by 17 by 11 cm) were used for self-marking of S. cameroni. To maintain a high relative humidity, a layer of 5Ð 6 cm of watersaturated sawdust was placed in the bottom of each container and covered with perforated tinfoil. The day before a release trial, 2,000 Ð3,000 anesthetized (CO 2 ) S. cameroni were evenly distributed upon the tinfoil and quickly covered with a layer of 2 cm of dry sawdust. A thin layer of 1 cm of sawdust containing red ßuorescent powder (Day-Glo Color, Cleveland, OH) was then added. Finally, 3Ð 4 cm of dry sawdust was added on top of the ßuorescent layer. Because S. cameroni are negatively geotropic, they thereby mark themselves with the ßuorescent dust. The containers were maintained at 22ЊC and constant light until the next day.
Particles of ßuorescent dust were detectable by the naked eye on Ͼ95% of the S. cameroni that reached the surface of the sawdust, but 3Ð 4 d after marking, dust particles could rarely be found without magniÞcation (50ϫ). Minute particles of ßuorescent dust were adhered to the wing hairs and thorax on newly marked individuals. Although it was assumed that the dust particles would only have an insigniÞcant effect on the behavior of the parasitoids, their effect on longevity was checked by comparing a group of marked parasitoids with a control group (25 females in each group). Of the marked parasitoids 50% had died after 10 d compared with 11 d in the controls. This difference was considered to be insigniÞcant.
In 1998, four releases were conducted during the following periods: (1) 27 MayÐ12 June, (2) 8 JulyÐ23 July, (3) 2 SeptemberÐ18 September, and (4) 14 OctoberÐ5 November. A Þfth release trial was conducted in 1999 during the period 28 JulyÐ18 August.
On the day of release, 55 "bait-traps" were placed in the facility with increasing distance from the point of release (Fig. 1) . A bait-trap consisted of a piece of cardboard (8 by 8 by 0.2 cm) on which a metal mesh basket (5 by 5 by 4 cm) was fastened so that parasitoids could move freely in and out of the basket. Each trap was placed on the ßoor in the swine facility without cover of organic matter as this eased check for parasitoids. About 100 laboratory-reared house ßy puparia (12Ð36 h old) were placed in each basket to attract female S. cameroni in their proximity. After having been acclimatized for 2 h, marked S. cameroni (7,000 Ð 12,000) were released at 1000 hours from a 1-m raised platform in the center of the stable. Bait-traps were checked for parasitoids at 1400, 1700, 2000 hours, and again the following day at 0800 and 1400 hours. This last check had to be terminated as it interfered with work in the facility.
Each bait-trap was carefully removed from its position during the check periods and emptied to a plastic container. Spalangia cameroni and other parasitoids were collected and placed individually in gelatin capsules (size 0.00) for later examination in the laboratory. After removing all parasitoids from the container, the puparia were replaced in the basket and the baittrap returned to its position. In the laboratory, all captured S. cameroni were examined under a dissecting microscope (50ϫ) to count the number recaptured.
Windows were visually inspected for S. cameroni and other parasitoids within 30 min before and after a release. Samples of parasitoids from the windows were randomly collected and kept at Ð18ЊC in a freezer until examination. Marked S. cameroni among the collected parasitoids were sexed under a dissection microscope.
After bait-trapping in each trial, 14 sentinel bags were distributed regularly in the facility and left for 7 d to determine if parasitism had increased signiÞcantly, and to measure dispersal from the release site with time. To examine the duration of parasitoid activity, an additional 33 sentinel bags were positioned in trials 4 and 5, but with increasing distance from the point of release (Fig. 1) . House ßy puparia in the bags were renewed daily so the activity of female parasitoids, measured as the number of attacked bags and parasitism, could be recorded. This daily replacement of ßy puparia was continued for 7 d after which a group of puparia was left for parasitism during a second week.
Temperature in each of the Þve trials was recorded hourly (Tinyview Data Loggers, West Sussex, UK) at a central position 2 m above the ßoor in the facility.
Because of different recapture rates among trials, the proportion of total recaptured rather than actual numbers was used instead, and the average proportions for the Þve trials depicted as a function of distance and time. This simpliÞcation of the results was made because the proportions of recaptured individuals with distance from the release site were very similar in all Þve trials (see Ϯ SE in Fig. 2) . Further, because the main number of individuals recaptured was very close to the point of release (see below), and no visual indications of directional movement could be detected a statistical analysis of data were omitted (see also Pawson and Petersen 1988 , Legner et al. 1990 , Tobin and Pitts 1999 .
As there was no indication of a directional movement of recaptured S. cameroni in bait-traps, a simple exponential function was used to express the diffusion of recaptured individuals with distance from the release site:
where Y is the proportion of recaptured individuals Ն1 m from the release point, N 1 is a constant, and ␤ is the rate of the decline of recaptured individuals with distance d from the release point.
The spatial distribution of S. cameroni in release trials 4 and 5 was examined by pooling the number of times a bag at a speciÞc site had been attacked by ovipositing females. Agreement with the Poisson distribution of attacked bags was tested, based on the relationship ID ϭ s 2 /mean, where ID is the index of dispersion, s 2 is the variance, and mean is the mean number. ID approximates 1 for a random distribution and values smaller or larger than unity indicates a regular or clumped distribution of attacked mesh bags (Southwood 1991). The ID ratio was multiplied with the degrees of freedom (n-1) and the product, chisquare, visually determined if it remained within a 95% conÞdence zone of a random distribution.
Results and Discussion
Of the marked S. cameroni released in each trial, Ͼ50% were females (Table 1) . In general shortly after lids were removed from the containers, parasitoids moved toward the windows of the facility ßying as well as walking or jumping to partitions and the ßoor surrounding the release point. Visual inspection of the windows facing south and southwest revealed S. cameroni within 5Ð10 min after a release. High numbers of parasitoids were later observed emigrating from the facility through cracks in window frames or broken windows. Male S. cameroni dominated in windows in trials 1 to 4, whereas in trial 5 relatively more females (64%) than males were collected ( Table 1) . As could be expected by the attraction to ßy puparia, an opposing picture was seen in the bait-traps where female S. cameroni dominated signiÞcantly, comprising 70 Ð 88% of the total collected in all Þve releases (Table 1) . Average temperature is based on daily minimum and maximum for the periods. High and low temperatures were measured on the day of release and the weather noted.
a Chi-square test (␣ ϭ 0.05) between recaptured males and females in bait-traps with YatesÕ correction for continuity. *, P Ͻ 0.05.
There is no direct explanation of the observed discrepancy in ßight propensity between males and females in trials 1 to 4, but previous studies have shown that unmated females are less likely to migrate than mated ones (King 1993 , Pompanon et al. 1995 . Therefore, if a high number of unmated females had been released this could explain the reluctance to ßight. However, the parasitoids were treated a similar way in all Þve trials making this unlikely. In fact, in the laboratory a high mating activity was observed when the females began to emerge. A possible explanation is that the high maximum temperatures of 29.1ЊC during the last trial provoked the major ßight of females (Table 1 ). The importance of temperature for initiating ßight in pteromalid pupal parasitoids was shown by Abraham (1978) in a combined Þeld and laboratory study of Nasonia vitripennis (Walker) and Spalangia nigra Latrielle; minimum ßight activity was recorded at 15ЊC and maximum at Ϸ28ЊC. Similarly, Smith et al. (1989) found that ßight in M. raptor and Urolepis rufipes (Ashmead), although based on parasitism of sentinel ßy pupae, was initiated at around 12ЊC and attained its optimum near 25ЊC. Still, this does not explain why females of S. cameroni should have a higher temperature threshold for ßight than males. Therefore, the inßuence of temperature on initiating ßight activity in S. cameroni remains to be examined more thoroughly under controlled conditions. Although no exact mechanism for ßight initiation can be pointed out in the current study, it suggests that released females of S. cameroni remained in the facility when the air temperature is low (e.g. Ͻ25ЊC). Above this level there is a risk that the females will emigrate after their release which is an obvious disadvantage when indoor control of nuisance ßies is desired. However, the high temperatures reached in the last trial were extremes for that year. Normally daily maximum temperatures seldom exceed 24 Ð25ЊC in swine facilities (Skovgård and Jespersen 2000) . Therefore, under normal Danish conditions the release of S. cameroni should not lead to emigration of females from the environment.
The simple exponential declining function provided a good description of the diffusion of individuals from the point of release (Fig. 2) . Most of the parasitoids were found within 3 m from the release point, although a few marked individuals were registered 7Ð9 m away. This may simply be a result of the low ßight activity of female S. cameroni observed in the Þrst four trials. However, attraction of female parasitoids to host puparia is likely a response to chemical cues emitted by materials (e.g., rotting manure) at the immediate breeding site rather than by the puparia per se. Therefore, the environment of a close facility to the release point could have become saturated with these cues and mask the speciÞc location of pupae. This might as well explain the aggregation of females at the point of release. An alternative explanation is that the females found sufÞcient naturally occurring pupae near the release site and therefore were reluctant to disperse. Especially, because puparia of the house ßy were observed to be abundant near the release site in all Þve trials. Finally, the structural complexity in the stable, with partitions, railings, poles, and more, undoubtedly also impeded dispersal of the parasitoids away from the release point.
If time-of-day was considered with respect to recaptured parasitoids a similar picture as above appeared, showing that Ϸ70% of the individuals were found in the Þrst check of the bait-traps (Fig. 3) . Later, in the afternoon, only few parasitoids were recorded in the traps. This was in line with observations of a Percent parasitism was based on the proportion of M. domestica pupae from where parasitoids had emerged. Only in few cases were parasitoids found when unhatched puparia were dissected.
b t-Test for difference in overall mean percent parasitism before and after the release of S. cameroni in the environment. *, P Ͻ 0.05. windows, partitions and railings where S. cameroni were found in resting position with stretched antennae. On the following day, S. cameroni was observed to move about again, as shown by a small increase in the percentage recaptured individuals (Fig. 3) . Natural light intensity was probably the main factor causing this periodicity, a suggestion that is in line with Þndings by Mullens et al. (1986) where S. cameroni was predominately diurnal in its activity pattern.
During the Þrst week after the conclusion of a baittrap period, parasitism of sentinel pupal bags was 12.7% which was signiÞcantly higher than before the release (3.7%) ( Table 2 ). This increase in overall mean parasitism was mainly due to high parasitism in sentinel bags that were placed near the release site. Analysis of the data from trial 4 (trial 5 was excluded because only a few bags were attacked) revealed a highly aggregated distribution (ID ϭ 2.8, ϭ 32, 2 ϭ 89.0) in the near proximity of the release site. Even when the bags were left for a second week in the stable, no change in the distribution could be observed. However, the number of bags attacked declined as well as parasitism with the length of time after parasitoid introduction (Fig. 4) , indicating that female S. cameroni only were active for 1Ð2 wk in the area (see also Morgan et al. 1989) .
The lack in mobility by female S. cameroni was in line with results found by Pawson and Petersen (1988) , Tobin and Pitts (1999) and further by Legner and Brydon (1966) on poultry ranches in California. Here, a related species, Spalangia endius Walker, remained near the release point for up to 1 mo. As also suggested above in current study, the authors stated that low temperature during the release period was the main cause of limited dispersal by the parasitoid.
In addition to S. cameroni, few other pteromalids were recorded in the swine facility of which Pachycrepoideus vindemiae (Rondani), a common species in Danish swine facilities (Skovgård and Jespersen 1999) , and Spalangia nigripes Curtis (Hymenoptera: Pteromalidae) were observed four and two times at the window sites, respectively. Pachycrepoideus vindemiae was recorded once from a bait-trap.
The current study showed movement of male S. cameroni toward the windows facing south and southwest in all releases whereas for the females this occurred only in the last trial and when the temperature exceeded 29ЊC. Similar directional movement of parasitoids was not observed in the bait-traps or from the exposed sentinel pupal bags. Females dominated as expected in the bait-traps, but aggregated within a perimeter of 3 m from the release site. A similar pattern in attack rates was observed when the sentinel pupal bags were analyzed. Although it seems probably, it would be premature to declare from the current study that temperature alone determines whether S. cameroni will stay or emigrate from a release area. Nevertheless, the results from the current study strongly suggest that temperature plays an important role. Therefore, under low temperature conditions S. cameroni could be released near areas of ßy development due to restricted mobility of the females. However, this strategy will work only if ßy breeding occurs in restricted areas which most often is not the case, therefore a different strategy would therefore be to distribute the parasitoids evenly in the stable environment to ensure a uniform establishment of the female parasitoids. For S. cameroni this still has to be documented from Þeld trials.
Furthermore, but based on one data set only, it seems that S. cameroni should be released every 2 wk due to an apparent short longevity of females in the environment. This leads to the question whether regular releases should be continued throughout the ßy season or be stopped when overlapping generations of emerging parasitoids are assumed to occur. Although this question is beyond the scope of current study, the data seems to indicate that regular introductions throughout the ßy season may be the only means of obtaining a constant high level of activity of S. cameroni. This suggestion is based on data from 1998 that shows no clear increase in parasitism (before release), although S. cameroni were released four times in that year (Table 2 ) and despite high densities of potential host puparia from June into October. Therefore, even though S. cameroni has proven to be an efÞcient parasitoid under laboratory conditions we know little about its behavior when released under Þeld conditions. Such information is extremely difÞcult to obtain in livestock systems, but still it is of great importance for successful application of pteromalid pupal parasitoids against nuisance ßies.
